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Congenital left ventricular pressure overload is associated 
with “excessive” hypertrophy that leads to subnormal 
afterload (wall stress), permitting enhanced ventricular 
ejection performance. Whether congenital right ventricular 
pressure overload is associated with a similar phenomenon 
is uncertain. It is also unknown whether supranormal 
ejection performance affects only the overloaded ventricle 
or is a general process affecting both ventricles. Conflicting 
data exist about whether the hypertrophic process associ- 
ated with pressure overload is induced primarily by local 
loading conditions or by neuroendocrine influences. If the 
former postulate is true, the hypertrophic response should 
be confined to the overloaded ventricle; if the latter is true, 
one might predict that both ventricles would be affected by 
a less specific response to circulating catecholamines. 
To help resolve these issues, both right and left ventric- 
ular performance was examined in seven patients with 
isolated congenital pulmonary stenosis (average pulmonary 
pressure gradient 78 f 13 mm Hg), six patients with 
When left ventricular pressure overload is present from 
birth, it induces a pattern of hypertrophy and left ventricular 
mechanics markedly different from that which occurs when 
pressure overload is acquired later in life (l-5). Left ventric- 
ular ejection performance is augmented in children with 
congenital left ventricular pressure overload, apparently 
because of “excessive” hypertrophy that allows for subnor- 
mal wall stress (afterload) despite the pressure overload; 
afterload is reduced, permitting enhanced ventricular ejec- 
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isolated congenital aortic stenosis (average gradient 80 + 10 
mm Hg) and six normal subjects. Right ventricular ejection 
fraction was increased in patients with pulmonary stenosis 
(61 2 2%) compared with the value in normal subjects 
(53 2 2%, p < 0.01) and in patients with aortic stenosis (50 
f 3%, p = 0.007). Left ventricular ejection fraction was 
increased in patients with congenital aortic stenosis (84 + 
4%) compared with the value in normal subjects (70 f 4%, 
p < 0.01) and in patients with congenital pulmonary 
stenosis (65 + 2%, p < 0.002). 
Thus, patients with congenital right ventricular pres- 
sure overload had enhanced right ventricular ejection per- 
formance with normal left ventricular ejection performance 
in contrast to those with congenital left ventricular pressure 
overload, who had enhanced left ventricular performance 
but normal right ventricular performance. These findings 
are consistent with the hypothesis that local loading is a key 
determinant of the congenital hypertrophic response. 
(J Am Coil Cardiol1989;13:1314-9) 
tion performance. Whether the subnormal wall stress at rest 
seen in congenital aortic stenosis truly represents excessive 
hypertrophy, an adaptation for normalizing wall stress dur- 
ing exercise or cardiac hyperplasia is unknown. In contrast, 
in acquired pressure overload in the adult, left ventricular 
hypertrophy normalizes wall stress, permitting normal ejec- 
tion performance, or hypertrophy may even be inadequate, 
leading to reduced ejection performance (6-9). 
It is uncertain whether congenital pressure overload of 
the right ventricle leads to a similar phenomenon. It is also 
unknown whether the phenomenon of enhanced ejection 
performance is isolated to the overloaded ventricle or also 
affects the contralateral ventricle. Conflicting data exist 
about whether the hypertrophic process is induced primarily 
by local loading conditions or by neuroendocrine influences 
(10-12). If the pressure overload itself induced the childhood 
pattern of hypertrophy, one would expect to find enhanced 
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ejection perfornlance isolated to the right ventricle in pul- 
monary stenosis and enhanced ejection performance isolated 
to the left ventricle in aortic stenosis, with the contralateral 
ventricle exhibiting normal performance in both diseases. If 
neuroeudocrine influences produced and maintained the 
hypertruphic pattern of congenital overload, one might find 
that both ventricles would be affected, even though only one 
ventrislc experienced the pressure overload. 
To abbess whether right ventricular pressure overload 
was associated with enhanced ejection performance and 
assess whether Increased ejection performance was isolated 
to the affected ventricle, we examined both left and right 
ventnculdr performance in patients with isolated pulmonary 
btenosis. patient!, with isolated aortic stenosis and normal 
subject5 
Methods 
Study design and patient selection. Normal subjects. pa- 
tients with isolated congenital aortic stenosis and patients 
with is&ted pulmonary stenosis comprised the three study 
groups. Cardiac Catheterization data and tine films were 
obtained retrospectively for all patients undergoing cardiac 
catheterization for isolated congenital aortic stenosis and 
isolated congenital pulmonary stenosis from 1980 to 1988. 
Patients were chosen for study if I) cardiac d&se was 
limited to a single lesion (isolated pulmonary or isolated 
aortic stenosis): 2) a peak transaortic valve gradient of 50 
mm Hg exIsted for patients with aortic stenosis and a 
transpulmonary gradient of 40 mm Hg existed for patients 
with pulmonary stenosis; 3) a right anterior oblique single 
plane left ventriculogram permitted unambiguous edge de- 
tection III both systole and diastole: 4) biplane rrght ventric- 
ulogramh permitted unambiguous edge detectlon In both 
systole and diastole: 5) two consecutive sinus beats in both 
the right and left ventriculograms wele available for study: 6) 
no dmg:, known to affect cardiac function welt’ being taken: 
and 7) properly damped pressure tracings WCI e available ~OI 
review. 
&WI patients with pulmonary stenosis and SIX patients 
wnh aortlc stenosis met these criteria and WCIC chosen for 
study. 
Normal subjects. Nwmal WbJects hoe chuben frm pa- 
tients undergoing cardiac catheterization before clectrophys- 
iologic atudy for management of supraventricular arrhyth- 
mias. Patients were included if they I) had no cardiac 
structural 01. phyGologic abnormality other than at rhythmia. 
and 2) fulfilled cnteria 3 to 7 for the study patients. Six such 
patient5 were identified and comprised the g~uup of normal 
subject>. 
Catheterization procedure. Children wex premeditated 
with meperidine (2 mgikg body weight) and prometharine (I 
mgikg). I‘he procedure wds performed from the femoral 
ve~scls. Cineangiography was performed at 60 frame’// 
Pressures were recorded through a fluid-filled catheter be- 
fore angiography. The transvalvular pressure gradient was 
obtained at the time of catheter pullback and was measured 
by superimposing the left or right ventricular pressure trac- 
mg on the aortic or pulmonary artery tracing. The left 
ventriculogram was obtained either by direct injection (in 
patients with aortic stenosis) or from the levophase of the 
I ight ventriculogram (in patients with pulmonary stenosis 
and normal subjects). In patients with aortic stenosis, there 
was a 20 min recovery period between ventriculograms. 
Calculation of ventricular volumes. Orthogonal biplane 
ventriculogt-ams of the right ventricle were obtained by 
direct in.irction of contlaat medium into the chamber. Vol- 
umc> weI-e calculated with use of the geometric relation first 
described by Ferhnz et al. (13) and further modified in this 
laboratory with a computer-aided design. This method was 
validated in I4 dogs by comparing the computed right 
centricular end-diastolic volume with actual postmortem 
end-diastolic volume. as determined from right ventricular 
castj. Excellent correlation between actual and computed 
\olurnes was obtained with this method (r = 0.95, p < 
U.001). Our validation did not involve subjects with congen- 
Ital heart disease. However. previous studies (14) of congen- 
ital heart disease have demonstrated good correlation be- 
tween geometric methods similar to ours and multiple slice 
techniques (Snipson’s rule) not dependent on geometry. 
I.(:$ I~CII[W/~/O~ \ /u~rrc.c ww calculated from a single 
plane right anterior oblique ventriculogram with use of the 
alea-length method. The end-diastolic volume was taken as 
rhe lurgeht angiographic volume. and the end-systolic vol- 
umt’ as the smallest volume. Volumes were indexed to body 
hurfdce area. Left ventricular wall thickness was measured 
at the mid-anterior left ventricular wall at end-diastole and 
\~a\ calcul,ltcd for end-systole with use of the assumption 
that w d~ac IIU~ remains constant due ing the cardiac cycle 
(IS). 
whclc P = left ventricular end-systolic pressure. b = left 
ventricular end-systolic minor midwall axis (q). a = end- 
systolic major mid-wall axis (T ) and h z= endIsystolic wall 
thicknebs. 
(EDV - ESV)/(EDV x et). 
whelc EL)V end-diastolic volume, ESV = end-systolic 
volume and et = ejection time calculated from the beginning 
of the upstroke of the pulmonary artery tracing to its dicrotic 
notch. 
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Figure 1. Right ventricular ejection fraction (RV EF) is demon- 
strated for six normal subjects (NL), seven patients with pulmonary 
stenosis (PS) and six patients with aortic stenosis (AS). Right 
ventricular ejection fraction was increased in the patients with 
pulmonary stenosis. 
Statistics. When the three groups were compared, analy- 
sis of variance was used followed by a Neuman-Keuls test 
(17) if analysis of variance showed a significant difference 
among the groups. Correlations were made with use of the 
least squares method. Dispersion from the mean is stated as 
-el SE. 
Results 
Clinical features. Age for the three groups was 5.8 2 1.4 
years in the six normal subjects, 8.3 ? 2.4 years in the seven 
patients with pulmonary stenosis and 9.7 + 2.4 years in the 
six patients with aortic stenosis; these values did not differ 
significantly. The average mean aortic valve pressure gradi- 
ent in the aortic stenosis group was 80 + 10 mm Hg, and the 
average mean pulmonary valve pressure gradient in the 
pulmonary stenosis group was 78 2 13 mm Hg. 
Ejection performance. Mean right ventricular ejection 
fraction (Fig. 1) in the pulmonary stenosis group (61 t 2%) 
was increased compared with that in normal subjects (53 -t 
2%, p < 0.01) and patients with aortic stenosis (50 ‘- 3%, 
p < 0.007). Right ventricular ejection fraction was not 
different between normal subjects and patients with aortic 
stenosis. Mean left ventricular ejection fraction (Fig. 2) was 
increased in the aortic stenosis group (84 ‘- 4%) compared 
with that in normal subjects (70 2 4%, p < 0.01) and the 
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Figure 2. Left ventricular ejection fraction (LV EF) is demon- 
strated for six normal subjects (NL), seven patients with pulmonary 
stenosis (PS) and six patients with aortic stenosis (AS). Left 
ventricular ejection fraction was increased in the patients with aortic 
stenosis. 
ventricular ejection fraction did not differ between normal 
subjects and those with pulmonary stenosis. 
Wall thickness and wall stress. Left ventricular wall thick- 
ness was nearly identical in normal subjects (0.57 + 0.04 cm) 
and patients with pulmonary stenosis (0.60 ‘-c 0.05 cm), and 
was greater in patients with aortic stenosis (0.80 ? 0.07 cm, 
p < 0.001) than in the other two groups. Left ventricular 
end-systolic stress (Fig. 3) was significantly (p < 0.001) 
decreased in the aortic stenosis group (41 t 12 versus 124 f 
14 kdynes/cm2 x lo3 for patients with pulmonary stenosis 
and 106 ? 13 kdynes/cm2 x lo3 for normal subjects). Left 
ventricular wall stress was not different between the pulmo- 
nary stenosis group and the normal groups. 
Cardiac volumes (Table 1). Right ventricular end- 
diastolic volume was not significantly different among any of 
the three groups. Left ventricular end-systolic volume was 
reduced in patients with aortic stenosis, consistent with the 
reduction in systolic wall stress that we observed. Right 
ventricular end-systolic volume was lowest in patients with 
pulmonary stenosis, but the difference was not statistically 
significant. 
Right ventricular mean normalized systolic ejection rate 
was highest (p = 0.05) in the pulmonary stenosis group 
(1.95 & 0.4) versus 1.88 2 0.2 in the normal group and 1.69 
+- 0.3 in the aortic stenosis group. 
Right ventricular stroke volume correlated well with left 
ventricular stroke volume (r = 0.85). Although there was no 
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Figure 3. End-systolic wall stress is demonstrated for six normal 
subjects (NL), seven patients with pulmonary stenosis (PS) and six 
patients with aortic stenosis (AS). End-systolic stress, an index of 
left ventricular afterload, was reduced in patients with aortic steno- 
sis, a factor responsible for enhanced ejection performance in these 
patients. 
significant difference between right ventricular and left ven- 
tricular stroke volumes, the left tended to be larger than the 
right ventricular stroke volume. 
Discussion 
Enhanced ventricular performance in congenital pressure 
overload. The major finding of this study was that enhanced 
ejection performance in congenital pressure overload was 
isolated to the overloaded ventricle. Patients with aortic 
stenosis had enhanced left and normal right ventricular 
ejection fraction, whereas those with pulmonary stenosis 
had enhanced right and normal left ventricular ejection 
fraction. Ejection performance is dependent on preload, 
afterload and contractile function (18). As in previous stud- 
ies of aortic stenosis (1-X it appeared that diminished wall 
stress permitted enhanced left ventricular emptying, thereby 
increasing ejection fraction. The paradoxic reduction in wall 
stress despite the pressure overload is possibly due to 
concentric left ventricular hypertrophy that is greater than 
that required to normalize wall stress at rest. Whether this 
phenomenon truly represents “excessive” hypertrophy or a 
degree of hypertrophy that has responded to exercise de- 
mands on the ventricular is not known. Ventricular car- 
diocyte hyperplasia may also have been present. In the 
hearts of the patients studied here, the pressure overload 
was initially present in the neonatal period when the car- 
diocytes were probably capable of cell division (19). 
Our$nding of enhanced right ventricular performance in 
pulmonary stenosis is consistent with data from a previous 
report (20). The mechanism of enhanced right ventricular 
performance was more difficult to study in our patients 
because right ventricular geometry limits study of the cham- 
ber. However, the end-diastolic volume index was not in- 
creased in patients with pulmonary stenosis, suggesting that 
preload was not the cause of enhanced ventricular perfor- 
mance. Mean normalized systolic ejection rate was elevated 
in the patients with pulmonary stenosis. This variable is 
independent of preload, suggesting that the enhanced ejection 
performance was due either to an increase in contractile 
function or to a reduction in wall stress. Convoluted right 
ventricular geometry has made right ventricular wall stress 
impractical to calculate. Thus, we were not able to make any 
firm conclusion about afterload of the right ventricle. Like- 
wise, in our study of ejection performance, assessment of 
contractile function independent of afterload was difficult to 
measure in the right ventricle because afterload could not be 
accounted for. However, it is plausible that the situation in 
the right ventricle is analogous to that in the left ventricle, 
where the enhanced ejection performance is due to concentric 
hypertrophy that allows for subnormal wall stress at rest and 
enhanced right ventricular ejection performance. Whatever 
the mechanism, it is of interest that right ventricular ejection 
performance is enhanced despite the presence of an average 
pulmonary pressure gradient of 78 mm Hg. 
Table 1. Volumetric Data in the Three Study Groups 
Right Ventricle Left Ventricle 
EDVI ESVI SW EDVI ESVI SVI 
NL 73 + 12 34 2 6 38 + 7 14 t 13 23 + 23 51 5 II 
PS 79 f 32 31 t 15 482 18 lb t 20 26 * 9 50 k 13 
AS 71 + 34 35 + 17 36? 18 56 t 13 8 + 6* 472 I? 
*p < 0.01 aortic stenosis group versus normal group; tp < 0.01 aortic stenosis group versus pulmonary stenosis 
group. Values are mean values ? SD. AS = aortic stenosis group: EDVI = end-diastolic volume index; 
ESVI = end-systolic volume index: NL = normal group; PS = pulmonary stenosis group; SVI = stroke volume 
index. 
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Our data support the hypothesis that the pattern of 
enhanced ejection performance in congenital pressure over- 
load is due to local loading conditions on the affected 
ventricle as opposed to a milieu phenomenon. Both load and 
neuroendocrine influences have been implicated in the 
hypertrophic response (10-12). Simpson et al. (11,12) dem- 
onstrated that norepinephrine causes neonatal rodent car- 
diocyte hypertrophy secondary to alpha-adrenergic stim- 
ulation. Conversely, Cooper et al. (10) demonstrated the 
importance of local loading conditions in regulating cardiac 
hypertrophy in the feline right ventricle. By banding the 
pulmonary artery while simultaneously transecting a chorda 
tendinea, these investigators overloaded the entire right 
ventricle, but unloaded the papillary muscle to which the 
chorda tendinea was attached. The overload right ventricle 
developed hypertrophy while the unloaded papillary muscle 
atrophied, demonstrating the importance of local loading in 
regulating hypertrophy. 
Comparison with other studies. Two recent studies 
(21,22) in adult human subjects found increased right ven- 
tricular mass in patients with left ventricular hypertrophy. In 
the study of Gottdiener et al. (21), only a minority of patients 
had pulmonary hypertension at rest, leading the investiga- 
tors to conclude that right ventricular hypertrophy in their 
patients was a generalized response to left ventricular pres- 
sure overload. Thus, their conclusion differs from ours. On 
the other hand, Nunez et al. (22) found evidence of de- 
creased left ventricular compliance in their patients with left 
ventricular pressure overload. In their study, increased work 
of the right ventricle to fill the noncompliant left ventricle 
may have resulted in right ventricular hypertrophy; thus, 
right ventricular hypertrophy may have been due to in- 
creased right ventricular load. In our study, we could not 
measure right ventricular wall thickness with confidence 
angiographically and not enough of our patients had echo- 
cardiograms to enable us to make measurements of right 
ventricular wall thickness. Thus, we cannot be certain if our 
patients with isolated left ventricular overload had an in- 
crease in right ventricular wall thickness similar to that 
found by Gottdiener et al. (21). If our patients with isolated 
left ventricular overload did have right ventricular hypertro- 
phy, they did not manifest it as increased right ventricular 
performance. The potential differences between our findings 
and those of Gottdiener et al. (21) may relate to differences 
between the hypertrophic response in children versus adults 
(l-5); alternatively, right ventricular pressures may have 
been elevated in their patients during exercise, leading to 
right ventricular hypertrophy. It is known that brief periods 
of pressure overload may result in ventricular hypertrophy 
despite longer interim periods during which the overload is 
absent (23). 
Neither of the previous studies (21,22) examined the left 
ventricle in isolated right ventricular pressure overload. In 
our study of patients with isolated right ventricular overload, 
left ventricular wall thickness was nearly identical to that in 
normal subjects, indicating no hypertrophic response of the 
left ventricle to isolated right ventricular pressure overload. 
This finding supports local loading as a key factor in inducing 
the pattern of increased ejection performance. 
Limitations. Our study was retrospective. Because of our 
rigorous exclusion criteria each study group was small. 
Nonetheless, the data within each group were consistent, 
with narrow dispersion from the mean; thus, it is unlikely 
that a larger group would alter our major conclusion that 
enhanced ejection performance is isolated to the overloaded 
ventricle. 
Our pressure and volume data were not obtained simul- 
taneously. However, ventriculograms were aligned to pres- 
sure data matched for electrocardiographic RR interval, and 
<5 min elapsed between pressure measurement and ventric- 
ulography. Thus, it is unlikely that significant physiologic 
change occurred between acquisition of the two types of 
data. Although previous studies (24) have questioned the 
accuracy of levophase left ventriculograms in adults, our 
studies were performed in children, in whom a good corre- 
lation exists between validated right ventricular volumes and 
levophase left ventricular volumes (25). 
Right ventricular wall stress was not calculated, and 
validated methods for determining this variable are currently 
unavailable. Future studies directed at developing these 
methods will be useful in drawing firmer conclusions regard- 
ing right ventricular mechanics. 
Conclusions. Congenital pressure overload of either ven- 
tricle is associated with enhanced ejection performance 
isolated to that ventricle. Enhanced left ventricular perfor- 
mance appears to be secondary to reduced wall stress 
caused by “excessive” ventricular hypertrophy or hyperpla- 
sia. It is plausible that a similar process affects the pressure- 
overloaded right ventricle. Our data are consistent with the 
premise that local ventricular loading conditions are a key 
determinant of this process. 
We thank Barbara Knick and Linda Paddock for their dedication and 
assistance. 
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